Activation of STAT3 in cancers leads to gene expression promoting cell proliferation and resistance to apoptosis, as well as tumor angiogenesis, invasion, and migration. In the characterization of effects of ST3-H2A2, a selective inhibitor of the STAT3 N-terminal domain (ND), we observed that the compound induced apoptotic death in cancer cells associated with robust activation of proapoptotic genes. Using ChIP and tiling human promoter arrays, we found that activation of gene expression in response to ST3-H2A2 is accompanied by altered STAT3 chromatin binding. Using inhibitors of STAT3 phosphorylation and a dominant-negative STAT3 mutant, we found that the unphosphorylated form of STAT3 binds to regulatory regions of proapoptotic genes and prevents their expression in tumor cells but not normal cells. siRNA knockdown confirmed the effects of ST3-HA2A on gene expression and chromatin binding to be STAT3 dependent. The STAT3-binding region of the C/EBP-homologous protein (CHOP) promoter was found to be localized in DNaseI hypersensitive site of chromatin in cancer cells but not in nontransformed cells, suggesting that STAT3 binding and suppressive action can be chromatin structure dependent. These data demonstrate a suppressive role for the STAT3 ND in the regulation of proapoptotic gene expression in cancer cells, providing further support for targeting STAT3 ND for cancer therapy.
Activation of STAT3 in cancers leads to gene expression promoting cell proliferation and resistance to apoptosis, as well as tumor angiogenesis, invasion, and migration. In the characterization of effects of ST3-H2A2, a selective inhibitor of the STAT3 N-terminal domain (ND), we observed that the compound induced apoptotic death in cancer cells associated with robust activation of proapoptotic genes. Using ChIP and tiling human promoter arrays, we found that activation of gene expression in response to ST3-H2A2 is accompanied by altered STAT3 chromatin binding. Using inhibitors of STAT3 phosphorylation and a dominant-negative STAT3 mutant, we found that the unphosphorylated form of STAT3 binds to regulatory regions of proapoptotic genes and prevents their expression in tumor cells but not normal cells. siRNA knockdown confirmed the effects of ST3-HA2A on gene expression and chromatin binding to be STAT3 dependent. The STAT3-binding region of the C/EBP-homologous protein (CHOP) promoter was found to be localized in DNaseI hypersensitive site of chromatin in cancer cells but not in nontransformed cells, suggesting that STAT3 binding and suppressive action can be chromatin structure dependent. These data demonstrate a suppressive role for the STAT3 ND in the regulation of proapoptotic gene expression in cancer cells, providing further support for targeting STAT3 ND for cancer therapy.
H3K9me3 | peptide inhibitor | prostate cancer | transcription factor S TAT3, a member of the STAT family, is a key signaling protein that transduces extracellular signals to the nucleus and regulates transcription of genes (1) . Following ligand stimulation, STAT3 is phosphorylated on Y705 tyrosine residue, dimerizes, and translocates to the nucleus to bind its cognate DNA-response elements, activating gene transcription (1) . Constitutively activated STAT3 mediates deregulated growth, survival, and angiogenesis (2, 3) . STAT3 is widely recognized as a potential drug target for cancer therapy, and various approaches, including targeting of upstream tyrosine kinases and direct inhibitors of STAT3 dimerization, have been advanced to inhibit STAT3 signaling in cancers (4) . However, unphosphorylated STAT3 (U-STAT3) has also been shown to influence gene transcription, both in response to cytokines and in cancer cells, albeit by mechanisms that are distinct from those activated by phosphorylated STAT3 (5) . We have developed a highly selective inhibitor of STAT3 ND, ST3-Hel2A-2 (ST3-H2A2), that binds to the N-terminal domain (ND) and inhibits STAT3 signaling (6) . STAT3 ND is involved in the interactions of two STAT dimers on neighboring sites to form a more stable tetramer and the interactions with histone-modifier proteins to induce changes in chromatin structure (reviewed in ref. 7) . These complex interactions may greatly affect STAT3-dependent transcriptional activity, suggesting that the STAT3 ND mediates important regulatory functions of STAT3 in normal cells (8) and in cancer (9) . ST3-H2A2 induces death in breast cancer cells MDA-MB-231 and MCF-7 but does not affect survival of normal mammary epithelial cells MCF-10A (6) , suggesting that ND is an important mediator of STAT3-dependent malignant progression. However, the cellular mechanisms of the STAT3 ND inhibitor action remain to be resolved. This study focused on the cell death mechanisms triggered by targeting the STAT3 ND. These data demonstrate that inhibition of the STAT3 ND activates expression of proapoptotic genes and initiates apoptotic death in cancer cells, revealing a previously underappreciated role of the STAT3 ND in the suppression of proapoptotic gene expression.
Results

ST3-H2A2
Induces Apoptotic Death in Prostate Cancer Cells. Treatment of androgen-dependent LNCaP and androgen-independent PC3 and DU145 prostate cancer cells with ST3-H2A2 results in dose-dependent growth inhibition and death of prostate cancer cells, whereas growth and viability of normal prostate epithelial cells RWPE-1 and human mammary epithelial cells (HMEC) are not altered (Fig. 1A) . Scrambled peptides used as a negative control had no effect on cell growth or survival. ADP/ATP assay demonstrated that STAT3 ND inhibition triggers apoptotic death in prostate cancer cells (Fig. 1B) . Although all studied cell lines express similar levels of STAT3 protein, only cancer cells are affected by STAT3 ND inhibition (Fig. 1C) . The effect of ST3-H2A2 on survival of PC3 and LNCaP is consistent with Yang and Stark's proposition that unphosphorylated STAT3 has an important role in oncogenesis (5) .
Flow cytometry analysis of DU145 cells revealed accumulation of the tetramethylrhodamin (TAMRA)-labeled inhibitor in 93.6% cells after 3-h exposure to 10 μM ST3-H2A2-TAMRA (Fig. 1D) . Therefore, cells were exposed to 10 μM ST3-H2A2 for 3 h for analysis in all cell-based and biochemical assays. AnnexinV binding and caspase-3 activation assays confirmed apoptotic cell death ( Fig. 1 E and F) . ST3-H2A2 induced cell cycle arrest in S-and G2/M-phases in cancer DU145 and MCF-7 cells but not in nontransformed MCF-10A cells as determined by cell cycle and BrdU incorporation assays (Fig. 1G) .
To further confirm direct inhibitor binding to the STAT3 ND, we performed Förster resonance energy transfer (FRET) (6) . HEK293 cells, stably expressing eGFP-tagged full-length STAT3 (eGFP-STAT3), the STAT3 ND (eGFP-STAT3-ND), or STAT3 ND-deletion mutant (eGFP-STAT3-ΔND) were treated with Data deposition: The data reported in this paper have been deposited in the Gene Expression Omnibus (GEO) database, www.ncbi.nlm.nih.gov/geo (accession no. GSE25866). 1 To whom correspondence may be addressed. E-mail: oat@georgetown.edu or Nadya. Tarasova@nih.gov.
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ST3-H2A2-TAMRA. The acceptor photobleaching demonstrated that, whereas ST3-H2A2 efficiently binds to eGFP-STAT3 and eGFP-STAT3-ND [normalized FRET efficiency (E Fn ) is 55.83 ± 2.00% and 54.91 ± 2.38%, respectively; t test, P = 0.0035 and P = 0.0039, respectively; Fig. S1 ], its binding to eGFP-STAT3-ΔND does not differ significantly from eGFP (t test, P = 0.103), suggesting preferential binding to the STAT3 ND. Microscale thermophoresis performed on lysates of STAT3-eGFP-expressing HEK293 cells provided additional proof of selective binding of the inhibitor (10) . ST3-H2A2 binding resulted in significant changes in eGFP-STAT3 mobility in the temperature gradient and demonstrated an apparent dissociation constant of 7.95 ± 0.4 μM (Fig. S1 ). Because the inhibitor has to compete for the interaction with other protein partners of STAT3 present in the lysate, the apparent affinity can be lower than the actual affinity (11) . No binding to GFP-STAT1 could be detected, further confirming inhibitor selectivity.
Inhibition of the STAT3 ND Induces Expression of Proapoptotic Genes.
Exposure to ST3-H2A2 resulted in up-regulation of 147 genes and down-regulation of 11 genes compared with a control peptide (Table S1 ; GSE25866). qRT-PCR and Western blot analysis confirmed up-regulation of mRNA and protein levels ( Fig. 2 A  and B) . Functional annotation clustering using DAVID software (12) showed that 17 of the up-regulated genes function as activators of apoptosis (Table S2) . It has been shown that these genes induce growth arrest and apoptosis in cancer cells (13) (14) (15) . Using AnnexinV binding assays and flow cytometry analysis of DU145 cells transfected with GFP-tagged GFP-tagged C/EBPhomologous protein (CHOP), FBJ murine osteosarcoma viral (v-fos) oncogene homolog (FOS) and nuclear receptor subfamily 4, group A, member 2 (NR4A2), we confirmed that overexpression of these proteins induced apoptosis in DU145 cells, whereas GFP alone did not affect cell survival ( Fig. 2C; Fig.  S2A ). The loss-of-function experiments by knocking down of only one protein at a time (data for CHOP are shown in Fig.  S2B ) did not rescue ST3-H2A2-treated cells from death, suggesting that any single gene was not able to overcome redundancy of other genes in triggering apoptosis. Overall, our data suggest that induction of robust cell death is the result of the simultaneous up-regulation of multiple proapoptotic genes in DU145 prostate cancer cells. It is remarkable that the same genes were also induced by ST3-H2A2 in other cancer cells (PC3, LNCaP, MCF-7, MDA-MB-231) but not in the normal epithelial cells MCF-10A, HMEC, and RWPE-1 (Fig. 2D) .
Peptide inhibitors tend to be more selective than small molecules because they form multipoint interactions with extended surfaces (16) . However, STAT3 ND is 72% homologous to its closest analog, STAT1 ND. To exclude the cross action, we performed a microarray analysis with the STAT1 ND inhibitor ST1-H2A2 (6). Gene expression changes induced by ST3-H2A2 and ST1-H2A2 differed profoundly (Table S3) , further supporting high selectivity of the ST3-H2A2 inhibitor and underlining significant differences in the ND functions of the two members of STAT family. STAT3 siRNA knockdown (Fig. 2E ) followed by RT-PCR confirmed that ST3-H2A2-up-regulated genes were also up-regulated by STAT3 siRNA (Fig. 2F) .
Inhibition of the ND Decreases STAT3 Binding to Chromatin. To determine whether up-regulated genes are direct STAT3 targets, we performed ChIP using anti-STAT3 antibody coupled with hybridizations to the tiling human promoter array (ChIP-chip) assays, followed by PARTEK model-based analysis (GSE25943). We found 758 genes to be bound by STAT3 in untreated DU145 cells and 286 STAT3-bound genes after a 3-h exposure to ST3-H2A2, with P < 0.001 and MAT score > 5. Comparison of STAT3 binding with gene expression changes shows that 111 of 147 upregulated genes (75.5%) are bound by STAT3 (Fig. 3A) . CisGenome Browser analysis identified the previously reported STAT3 consensus-binding motif (17) in the regulatory regions of STAT3-bound genes (Fig. 3B ). STAT3 siRNA knockdown resulted in abrogation of STAT3 binding to identified DNA regions as determined by qPCR confirming specificity of the ChIP assays (Fig.  3C ). These data indicate that genes up-regulated by ST3-H2A2 are direct STAT3 targets. ChIP-chip and ChIP-qPCR data revealed that ST3-H2A2 decreases STAT3 DNA binding to regulatory regions of CHOP, EGR2, and STC2 but does not affect binding to FOS, EGR3, JUNB, DNMT3B, or c-MYC (Fig. 3D) , suggesting different STAT3 binding modes. Further support for this interpretation was provided by DNA affinity precipitation assays (DAPAs) demonstrating STAT3 binding to STAT consensus sites within identified genomic regions in vitro and by the observation that ST3-H2A2 abrogates STAT3 binding to some, but not all, DNA sequences ( Fig. S3 A-C) . These data correlate with the observed difference in the degree of effects of the STAT3 siRNA and ST3-H2A2 on gene expression. For example, CHOP induction levels are similar (4.4-and 5.6-fold change, respectively), whereas significant differences were observed for the genes such as FOS (1.7-and 21.4-fold change) and NR4A2 (1.5-and 9.2-fold change; Table S4 ). ChIP-chip data suggest that effects of ST3-H2A2 and siRNA on CHOP expression are similar because both treatments significantly decrease STAT3 DNA binding ( Fig. 3 C and D; Fig.  S3B ). However, in case of FOS and NR4A2, STAT3 is depleted from the promoters by STAT3 siRNA only but remains bound after treatment with ST3-H2A2 ( Fig. 3 C and D; Fig. S3B ). To investigate whether activation of gene expression by ST3-H2A2 occurs because of effects on STAT3 rather than off-target effects, we knocked down the levels of STAT3 using siRNA, treated cells with ST3-H2A2, and measured mRNA levels by qRT-PCR (Fig. 3 E  and F) . Data presented for FOS and NR4A2 mRNAs demonstrate that knockdown of STAT3 levels prevented a ST3-H2A2-induced increase in gene expression, thus confirming that ST3-H2A2 effects on transcriptional activation are STAT3 dependent.
Unphosphorylated Form of STAT3 Binds to Regulatory DNA Regions of Proapoptotic Genes. Expression of proapoptotic genes (e.g., CHOP) was induced in cancer cells with (DU145, MDA-MB-231) and without (LNCaP, PC3, and MCF-7) detectable levels of phosphorylated STAT3 (pSTAT3) (Fig. 4A) . To evaluate the effects of inhibition of STAT3 phosphorylation on CHOP expression, we treated DU145 cells with the tyrosine kinase inhibitor Genistein. Decreased levels of pSTAT3 caused a drop in the expression of the known transcriptional targets MCL-1 and c-MYC (Fig. 4 B and C) but did not induce CHOP expression (Fig.  4D) . Overexpression of the dominant-negative STAT3 Y705F mutant also did not change CHOP expression (Fig. 4E) , suggesting that unphosphorylated STAT3 (U-STAT3) is responsible for proapoptotic gene suppression of this gene. ChIP assays demonstrated that only antibodies against total STAT3, but not pSTAT3, pulled down regulatory DNA regions of CHOP in the DU145 cells (Fig. 4F) . For comparison, c-MYC promoter DNA was pulled down by antibodies against total STAT3 and pSTAT3 at similar levels (Fig. 4F) . Because the antibody for total STAT3 recognizes pSTAT3 as well, the result suggests that, in the case of c-MYC, its promoter is preferentially bound by pSTAT3 (Fig. 4F) .
Recent reports by Shi et al. have demonstrated that the unphosphorylated STAT92E protein is important for heterochromatin maintenance through regulation of histone H3 Lys-9 trimethylation (H3K9me3) in Drosophila (18, 19) . We observed that inhibition of STAT3 ND significantly reduced the number of loci with intense H3K9me3 staining in the nucleus (Fig. 5A ) without a decrease in the total levels of H3K9me3 (Fig. 5B) . ChIP-qPCR revealed that a decrease in STAT3 binding was accompanied by a modest but statistically significant decrease of H3K9me3 at the CHOP promoter region (Fig.  5C) . Importantly, the levels of H3K9me3 on the c-MYC promoter were lower compared with that observed on the CHOP promoter in DU145 cells, and these levels were not further decreased following exposure to ST3-H2A2 (Fig. 5D ). For comparison, localization and levels of H3K27me3, another chromatin modification associated with gene repression, were not affected by ST3-H2A2 (Fig. 5 A and C) . ST3-H2A2 did affect H3K9me3 marks not only in cancerous cells but also in nontransformed MCF-10A cells (Fig. S4) . No changes in heterochromatic marker H3K27me3, a nucleoli marker fibrillarin, or an active chromatin marker phospho-PolII have been detected, thus suggesting that effects on H3K9me3 are specific. Although ST3-H2A2 affected H3K9me3 in both normal and tumor cells, the ChIP-qPCR assay revealed that STAT3 did not bind to the CHOP promoter in nontransformed MCF-10A cells (Fig. 5E) . We hypothesized that differences in STAT3 0 s effects on CHOP expression in normal and cancer cells were a result of the chromatin organization of this region. DNaseI treatment of the nuclei from DU145, MCF-7, and MCF-10A followed by PCR amplification of the CHOP genomic region containing the STAT3 binding site (Fig. 5F ) has indeed demonstrated that the CHOP genomic region has DNaseI hypersensitive sites (DHS) in cancer cells but not in MCF10A cells. The data suggest an open, or at least more accessible, chromatin conformation in DU145 and MCF-7 cells allowing for STAT3 binding. Discussion STAT3 has been viewed as an activator of gene expression that drives tumorigenesis by increasing expression of prosurvival and proinflammatory genes (20, 21) . However, several studies have described the suppressive effects of STAT3 on the expression of tumor suppressor genes, suggesting that additional mechanisms exist by which STAT3 promotes cancer cell survival and suppresses apoptosis (22) (23) (24) . A search for genetic suppressive elements (GSEs) in breast cancer cells convincingly identified the NDs of STAT3 and STAT5 as major factors responsible for driving cancer cells proliferation and survival (9) . Inhibition of the STAT3 ND resulted in breast cancer cell death (6) . Activation of 17 proapoptotic genes, including CHOP, ERG2, NR4A2, PHLDA, and GADD45a, in response to the STAT3 ND inhibition explains the cytotoxic effects of ND inhibitor in cancer cells. Although the STAT NDs have been previously implicated in gene activation in response to cytokine signals, recent findings demonstrate a suppressive function for the STAT5 ND in leukemogenesis (25, 26) . Similar to STAT3 ND, a role for the STAT5 ND has been proposed in repression of transcription, possibly through interactions with transcriptional repressors and via chromatin remodeling (25) (26) (27) . Another study demonstrated that the repressive function of STAT5 correlates with the recruitment of Ezh2, leading to H3K27 trimethylation (28) . Notably, the repressive function of STAT5 requires tetramer formation, and therefore its ND is necessary for Ezh2-mediated gene repression (28, 29) . Our data suggest that STAT3 ND-dependent suppression occurs independently of tyrosine phosphorylation. Because tyrosine phosphorylation does not affect the ND structure, ST3-H2A2 is likely to bind to both phosphorylated and unphosphorylated forms of STAT3. The differential effects of the inhibitor on DNA binding can be caused by structural differences of dimers formed by P-STAT3 and U-STAT3. Structural data suggest that NDs do not interact within one P-STAT dimer (30, 31) but can form interactions either with another STAT dimer, leading to tetramer formation or with other transcription factors/regulators. Consequently, inhibition of the ND can affect interactions with other proteins but not phosphorylationdependent STAT3 binding to DNA. A previous report confirmed that STAT3 ND is not essential for P-STAT3 functions in normal fibroblasts (32) . Conversely, native gel electrophoresis, dual-focus fluorescence correlation spectroscopy (33) , and FRET data suggest that dimerization of unphosphorylated STAT3 requires the ND (34) . We recently showed that U-STAT3 is capable of binding to GAS DNA as a dimer (11) . Therefore, the involvement of the ND in dimer stabilization and DNA binding of P-STAT3 and U-STAT3 differs dramatically.
The observed STAT3 ND-dependent suppression of proapoptotic genes correlates well with previously demonstrated involvement of the unphosphorylated STAT3 in regulation of gene expression and carcinogenic processes (5, 35) . Reports by Yang et al. suggest an activating role for U-STAT3 but also include data consistent with a repressive function (35, 36) . Interestingly, STAT3 ND inhibition had little, if any, effect on activation of proapoptotic gene expression in the nontransformed cells MCF-10A, HMEC, and RWPE-1 and therefore did not affect survival and proliferation of these cells. Chromatin accessibility analysis by DNaseI digestion revealed that the promoter of the CHOP gene resides in a more accessible chromatin in MCF-7 and DU145 cancer cells compared with MCF-10A cells. Recent studies from Fig. 3 . STAT3 binds to genes up-regulated in response to STAT3 ND inhibitor. (A) ChIP-chip assay defined 758 genes bound by STAT3 with P ≤ 0.001 and MAT score ≥ 5. Expression analysis showed 147 genes up-regulated on exposure to ST3-H2A2. The 111 up-regulated genes were bound by STAT3. (B) STAT3-bound sequences were enriched in the GAS consensus motifs. (C and D) qPCR-ChIP assays confirmed STAT3 binding to the genomic sequences identified by ChIP-chip assays. STAT3 binding was decreased following siRNA STAT3 knockdown (C) or treatment with ST3-H2A2 (D). (E and F) STAT3 knockdown diminishes the effects of ST3-H2A2 on transcriptional activation. DU145 cells were plated in six-well plates and transfected with nonspecific (ns siRNA), GAPDH siRNA, or STAT3 siRNA-1 and -2 using Trans-TKO reagent: 48 h after transfection, cells were treated either with ST3-H2A2 or DMSO for 3 h. Total RNA was extracted, and qRT-PCR using Taqman assays was performed to measure expression of FOS and NR4A2 mRNAs. Amplification of 18S rRNA was used as an endogenous control to standardize the amount of sample added to the reaction. ENCODE-ChIP demonstrated that, on average, 98.5% of the occupancy sites of transcription factors are positioned within accessible chromatin defined by DNaseI hotspots (37) . It is tempting to speculate that the more condensed conformation in nontransformed MCF-10A cells does not allow STAT3 binding and at the same time prevents transcription of CHOP and other genes through epigenetic mechanisms, whereas open conformation in cancer cells requires STAT3 to suppress CHOP expression. Our observations that STAT3 does not bind the more condensed CHOP promoter (in MCF-10A cells) are also in agreement with a recent report that STAT3 is recruited to already accessible chromatin sites in T-cell receptor-activated CD4 + T cells, but does not pioneer the access itself (38) .
An open chromatin state of CHOP gene correlates with constitutively active endoplasmic reticulum stress response (ESR) in cancer cells (Fig. S5) . Transcription factor ATF4, which regulates CHOP expression, is highly expressed in DU145 and MCF-7 cells but not in MCF-10A cells (Fig. S5) . Because other proapoptotic genes detected in our study are also often activated during ESR (39) , the data suggest that STAT3 ND suppression may be especially important for STAT3 functions under conditions of ESR in cancer cells. The identification of differences in epigenetic mechanisms that underlie differential activity of the STAT3 ND in normal and cancer cells can offer novel potential therapeutic targets for cancer treatment. The epigenetic mechanisms may also at least partially explain heterogeneity of gene expression profile changes observed in response to ST3-H2A2 in cancer cells. It also explains a heterogeneity in cellular responses previously observed in JAK-STAT signaling (40) (41) (42) .
Although the CHOP promoter contains DNaseI hypersensitive sites in DU145 cells (Fig. S5) , we found that it is enriched in the H3K9me3 histone mark. This chromatin mark has been associated with transcriptional repression but was also found in the promoters of transcriptionally active genes (43) . The functional roles of H3K9me3 in the accessible chromatin have not been established, and it is not clear whether H3K9me3 is a normal counterpart in the transcription of all genes or whether it is aberrant readout of the histone code in cancer cells (43, 44) . Changes in H3K9me3 may be involved in mediating activation of proapoptotic genes by STAT3 ND inhibition. However, the changes take place both in nontransformed and transformed cells. Consequently, other factors are likely to be contributing to selective activation in tumor cells. Taking into consideration the recently published report on STAT3 preferential binding to accessible chromatin (38) , it appears likely that different groups of genes are targets for STAT3 binding in nontransformed and malignant cells.
In conclusion, our data demonstrate the STAT3 ND suppressive role in the regulation of gene expression in cancer cells. The study underscores the importance of cellular context, including activated signaling pathways and epigenetic mechanisms, for understanding and interpreting the functional roles of STAT3. Future profiling of chromatin accessibility and detailed characterization of histone code in the promoters of STAT3 target genes will add additional knowledge and understanding of the complex relationships between gene expression, chromatin organization, and STAT3 binding. The studies can offer opportunities for discovery of additional therapeutic targets for cancer treatment. Reprogramming, rather than completely inhibiting transcription factors with synthetic molecules exemplified by inhibitors of the STAT3 ND, presents a unique paradigm and a therapeutic approach that may provide a powerful therapeutic tool for the treatment of many pathological conditions.
Methods
Reagents. RPMI 1640, DMEM/F12, FBS, and antibiotic-antimycotic solution were from Life Sciences. Antibodies against STAT3 and p-STAT3 were from Cell Signaling Technology. Antibodies against H3K9me3, NR4A2, and β-actin were from Abcam. Antibodies against c-FOS and CHOP were from BioLegend. Goat-anti-rabbit and anti-mouse HRP conjugates were from Jackson ImmunoResearch Laboratories. All chemicals were obtained from SigmaAldrich. The ST3-H2A2 inhibitor has been synthesized and purified as described (6) . Cancer cell lines were obtained from American Type Culture Collection and were maintained as recommended.
Western Blotting. Nuclear extracts were prepared using a kit from Millipore as recommended by the manufacturer. The histones were extracted using the EpiQuik Total Histone Extraction Kit (Epigentek). Western blotting was performed as described (6, 45) .
Toxicity assays. MTT (3-(4,5)-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay were performed as described (6) . ATP/ADP levels were measured using a kit from BioVision as recommended by the manufacturer.
Apoptosis Detection. Cell cycle analysis and AnnexinV-PE and 7-AAD assays were performed as described (45) . Activation of caspase-3 was detected using an antibody against the active caspase-3 isoform from BD Pharminger as recommended by the manufacturer. Confocal Laser Scanning Microscopy. DU145 cells were stained with antibodies against H3K9me3 (1:3,000; Abcam), fibrillarin (1:500; Abcam), p-PolII (1:200; Abcam), KAP-1 (1:500; Abcam), and H3K27me3 (1:250; Cell Signaling Technology) according to the manufacturers' recommendations. DNA was stained with 2 μg/mL DAPI. Cells were observed using a Zeiss LSM 510 META confocal microscope (Carl Zeiss).
STAT3 Knockdown Using STAT3 siRNA. siRNA transfection was performed as described (45, 46) . DAPAs. DAPA was performed as described (11) .
Affymetrix Microarray Analysis and qRT-PCR. Affymetrix expression microarray analysis was performed as described (46) . Differentially expressed genes were identified based on a cutoff of false discovery rate (FDR) < 10% using Partek software 6.5 (www.partek.com). qRT-PCR was performed in triplicate as described (46) .
ChIP-Chip and ChIP-qPCR. ChIP-chip assays were performed using a SimpleChIP Enzymatic Chromatin IP Kit (Cell Signaling Technology). ChIP-enriched DNA replicates were amplified, labeled, and hybridized to Affymetrix GeneChip Human Tiling Promoter 1.0 arrays. Peaks of probe intensity (hits) were identified and associated with RefSeq genes (hg18) using Partek software. DNA sequences of the ChIP hits were extracted using the CisGenome browser (www.biostat.jhsph.edu/~hji/cisgenome) (47) . Primers for quantitative PCR were designed using the IDT website (www.idtdna.com).
DNaseI Hypersensitive Sites Detection. Nuclei were prepared using a kit from Millipore. Aliquots of 4 × 10 5 nuclei were digested with 0, 10, 15, 20, or 25 U of DNaseI for 10 min at 37°C. The reactions were terminated by the addition of 5 M NaCl, RNase A, and Proteinase K. DNA was extracted by phenol-chloroform purification. PCR reactions were carried out with primers for the CHOP promoter or a-satellite DNA using the FastStart DNA polymerase kit from Roche.
